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ATTRACT 


Part 1,11 (if tills report present' s a theory for deducing and predicting 
the performance of t ransmi t l nr/reee i vers for bandwidth efficient modulations 
suitable for use on the nonlinear satellite channel. The underlying principle 
used throughout is the development of receiver structures based on the maximum 
likelihood decision rule and approximations to it. Along with this overall 
theme is the desire to apply the bit error probability transfer function 
bounds developed in great detail in Part IV to these modulat i on/dimiodulation 
techniques. The effects of the various degrees of receiver mismatch are 
considered both theoretically and by numerous illustrative examples. 
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1.0 1 lUjoduet I t m 

Here In Pari. I f. I we generalize i lie results of Part I I far the 1 incur channel 
to apply t.o non I Inoar satellite ebatmelH. In part loul nr , wo. examine the general 
class of bandwidth efficient modulation techniques and tholr orror probabi lity 
oval nail tm for the non I Inoar satellite channel model . 



I'M rat, wo dof I no. tlio. mat homntlv.nl. modoi. for tho nonlinear ail to. 1.1 It: o ohm mo. I 
that will ho. used throughout this part of tho report . Next, wo briefly roviow tho 
ma x 1 mum- 1. ike I Ihoo d (Ml.) or t for ion for tlio 1. inoar channel and aliow how tin- previous- 
ly derived bit error bounds for the ideal Mb receiver can he modified ho as to 
apply to a mismatched receiver, 1 . e . , one in which the metric it uses In not Mi. 
for the actual channel . These results are then generalized to the. case of a non- 
linear satellite channel, finally we examine an approximation approach to de- 
signing a Mi. receiver for this type of: channel . 


1 . 1 Illst ur leal. Ba c kgrou nd 

For many years analysts have grappled with the problem of computing the perfor- 
mance of digital modulations transmitted over a nonlinear channel perturbed by a 
host of different types of interference. Karly in the game, investigators realized 
that many of the analysis techniques that were suited to computing the performance 
of these modulations over a linear channel perturbed by the same sources of inter- 
ference could also he appl ied to the nonlinear channel provided that, the nonlinear- 
ity was appropriately modelled, e.g., as a zero memory device. As such it is not 
surprising to find t, much of the reported research on the subject of performance 
over nonlinear interference channels draws upon previously reported contributions 
for performance over the analogous linear channel. This is not to say that the 
actual computation of performance over the nonlinear channel is a simple and direct 
extension of the similar results for the linear channel . In fact, the functional 
form and the mathematics needl'd to arrive at these forms are typically quite dif- 
ferent for the two types of channels. 

As an example of the above, we cite first the Inclusive work of Shi mho, Fang, 
and Cel eh 11 er Ml and Fang and Shimbo |2)* which investigate the performance of a 
variety of coherent phase-shift -keyed (CPSK) signals over a linear channel perturbed 


A I'b j s paper also provides an excel lent bibliography of earlier work on the subject. 



by additive- Gaussian noise and both In I ersyinbol and cochannoi Inter feruiices. The 
method employed In liman papers 1 nr evul uat. tug I la* average probability ul error 
waa to characterize t he in ter symbol. interference In termu of Its characteristic 
function and then expand thin function lul.o a power series. lining thla approach, 
Kkuuayuke. and Taylor |3J analyzed the performance of (!1‘HK signaling over a non - 
linear (ajiee If leal ly a hard-1 Xm.l fed) channel in the presence of uplink (prior to 
t.hu nonlinearity) and downlink (following the nonlinearity) additive Gaussian 
noiaea (aaaumed to be independent of one another) mid iiiferaymbol interference. 

The expression for the average error probability 1 h obtained in the form of aa 
infinite series as a function of expected values of trigonometric functions of 
the Interference and uplink noise. These expected values are in turn obtained 
from the power aeries expansion of the interference’s characterxstic function as 
mentioned above. When the interaymbol interference is set, to zero , the infinite 
series in [3] identically reduces to an earlier result for the same hard-limited 
channel obtained by Jain and Blachmun [4]. 

As one continues to search through the literature on nonlinear satellite 
channels, he finds that the majority of the work fulls into two categories:* (1) 
modelling of the nonlinearity, and (2) evaluation of error probability performance, 
of the receiver. The previously mentioned references clearly fall Into the second 
category. Before continuing with other important contributions to this category 
we shall briefly digress to mention several researchers whose work is appropriate 
to the first category and without whose efforts the performance evaluations would 
not be possible. 

As previously mentioned the. success of many of the error probability per- 
formance analysis techniques rests heavily oil the ability to represent the non- 
linearity as a zero memory device. While a hard-limiter clearly falls in this 
category and is trivial to model, a travelling wave tube (TWT) amplifier typical- 
ly employed in satellite transponders requires a significantly more complex 
mathematical model. A TWT amplifier exhibits, In general, two nonlinear distortion 
effects; a nonlinear input-output power (AM/AM conversion) effect and a nonlinear 
output phase-input power (AM/ PM conversion) effect. An a m pl it a ide-phase model for 
the TWT is one which directly models these conversion characteristic in mathe- 
matical form [5-8]. A quadratur e model for the TWT produces an output signal 

*Anothe.r Important category, although not of interest in this report, is the 
evaluation of Intermodulation distortion for a multiple carrier system. 



having the above distort Iona hy passing the Input. signal and a 90“ phono ah lit of 
it- through separate envelope nun linearities. The outputs of t heat* non! . lunar J t .leu 
are then Hummed to produce the h I gnat with the deni red AM/AM and AM/l'M eharue- 
teriHtlc.H . Thin model an originally nuggented hy Kaye, ef. nl . , |D| used a power 
series method to approximate the. two envelope non! I near it lea (lOj, ],ate.r, 

Hetrakul and Taylor fl.l, 1.2,1 3] lined a Bemud Inaction approximation which had the 
advantage, of requiring a much smaller number of approximating coefficient:: (A an 
compared to 1.6) to give an accurate fit to the measured TWT characteristics. Most, 
recently, Saleh [14] was able, to further reduce the number of parameters needed 
for either the amplitude-phase or the quadrature model. In particular, simple 
two-parameter formulas were developed for each of the four aforementioned 
functions (l.e,, AM/ AM and AM/l’M characteristics, and the two envelope nonlineari- 
ties in the quadrature model) which had the further advantage of fitting TWT 
measurements more accurately than previously reported formulas. The method In 
[14] also permitted a closed-form solution of the output signal for an input 
signal consisting of two phase-modulated carriers, and a solution containing a 
single integral when more than two such carriers are involved. Such solutions 
are valuable in performing intermodular. ion distortion analyses in nonlinear 
satellite systems [15], 

Returning now to the work pertaining to error probability performance eval- 
uation, we begin by citing several, contributions [4,12,1.6] dealing with performance 
of CPSK over wide-hand nonlinear channels. The term "wide-hand" is used to 
identify the fact that in all of these cases the transmission bandwidth was assumed 
sufficient so as to pass the signals of interest: with negl igible degradation due 
to In ter symbol interference. In an effort, to remove this oversimplifying assump- 
tion and at the same time allow for the inclusion of both uplink and downlink 
noises simultaneously, we next, cite the pioneering work performed at J.inCom Cor- 
poration under the direction of Dr. William C. I.indsev first reported in [17], and 
later in the open literature along with extensions thereof -18-21]. Several 
different mathematical approaches for evaluating the error probahll Itv In the 
presence of these various interference sources were presented there for each of 
several receiver implementations. In particular, a memory less receiver which 
makes its decision basec* on a single sample basis alter coherent demodulat ion hy 
quadrature phase-coherent carriers was first considered. Following inis, results 
were presented for a memory-type receiver referred to as a maximum-likelihood 
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sequence eHl.Inmtor (MbHK) and Imp 1 emeutod by the Viter hi algorithm [ 2 ?]. b I seiis- 
sinus of thin type of demodulator lor linear I at ersymbol lnl.orferci.ee channels 
ran bo found In several excellent papers by Korney 1 2 1 i , llugerboeek 1 2 A | and 
llayen | 2, r > I . for the nonlinear Int ornymbol l.nl erl erenee channel, wit h no upl ink 
nol.no, Mo.ul.ya, ot ill., |2b| ban a I no evaluated I bo performance of a MI.SK roeolvor 
for binary (!PSK signals. Similarly, Korney, el al., (27j have extended ibe 
results In | A j for the memory Iohh roeolvor to a two-1 Ink channel, with M-ary PHK 
signalling and arbitrary AM/AM and AM/PM channel. nonlinear It lew. 

More recently, at tent Lon |'2h-3(>] ban turned to reduced complexity Vlle.rbl de- 
modulator!! for applications (e.g. , voiceband da La transmission) where the number 
of Interfering symbols In large. In effect, the. receiver assumes that the 
channel (linear or nonlinear) memory in much lean than it really in and aw such 
ignorow wonie of the channel* w in t erf symbol interference. Several approaches have 
been wuggewted in the above references for choosing the state variables which 
characterize the truncated state form of Viterbi detector. 

In all our discussions thus far, the emphasis has been on the conventionality 
of the receiver with less attention . aid to its optimality. As such, the receiver 
was always mismatc hed to the channel and hence its performance, was always degraded 
relative to that of the optimum receiver. Optimum (maximum-likelihood) receivers 
for nonlinear satellite channels with various combinations of intersymbol inter- 
ference, uplink, and downlink noises have been investigated in recent years. In 

[37] , a Volterru series approach was applied to find Mb receivers for channels 
that include a power-law nonlinearity, inter symbol interference, and downlink 
noise only. The first attempt to derive a Mb receiver for a channel including 
both uplink and downlink noises, but no in ter symbol interference was presented in 

[38] . The most comprehensive work on optimum receivers for nonlinear channels 
with arbitrary AM/AM and AM/PM conversion characteristics and all three inter- 
ference sources (intersymbol, uplink, and downlink noises) present simultaneously 
was recently reported In [39] and [AO]. There the form of the optimum (MI.SK) 
receiver was derived and Its symbol error probabil ity evaluated. Since the. com- 
putation of the likelihood ratio, and hence the metric to be used by the detector, 
were not easily obtained In closed form, two approximate forms of the optimum re- 
ceiver were derived and analyzed, using a combination of Chernoff and generating 
function techniques such as those discussed in Part TV of this report. For 
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ORIGINAL PkOi W 
OF POOR QUALITY 


binary Ci'SK I i:auamlnn.l.ou, ll wan alinwn dial oven moderul e- rump! exl I y appi ux Imat Juna 
nl,llnw a power huvIuk ll) more than one dll wltb reaper 1 to ennveut Iona I at ruri.m’rfi . 

I' Inal I y , wo would like to point out 1 1 it* exluteuoe ot a reoent ’’m lui"- 1 naiu< 
oi t lit* l):i:K Trunanol Iona on Cniiimun lent Inna Kill wliloli oontalnn many lino oontrl ■ 

Imt Iona on t bo Hub.|eet ot oonumtn loat Iona ovor non I loom oli/ninola on** of wliloli waa 
a I ready o 1 1 ud aa | ?. I | . 

2 . 0 Satellite Channel Model 

A iihuIoI for the t rauapouder aateUlte olimmol la nkolrhod In Kljpire I. Tlrla 
ohmuuvl model ronalalu of an uplink additive white tlaunnlan nol.ru* plua Interi m or ee, 




K I gure I. Satellite Cbannol Model 
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Llui satellite transponder, /Hid a downlink additive white Gaussian noise. j'|„. 
arttellHe t>una|Hmder la modelled aa a cascade ol a bandpass llltei and a travel 

* J »»H wnwe tube (TW*I'> amplifier lol lowed hy a zonal tiller. 

"lie Input It* the satellite transponder la given hy 

r(t) - x(t) I I(t) | ,i u (t) (111.2.1) 

where x(t) Ah the "Ideal" transmit led trivial , l(t) In Mu* .Interference, and n (t ) 
ia the. uplink additive white. Gaussian noise. included In J(t) In the pons I h 1 1 ity 
1,1 various interference signals such an those due tv adjacent channels, eo~ 
channel interl erersi, radar pulses, Intentional Jamming, multipath and lut ersymhol 
interference with the. latter two be. inn related to x(t). We assume that r(l ) la 
panned through an ideal bandpass filter <H1.*F) that leaven t lie signal uudistort ed 
and limits the noise spectrum to that portion of the signal frequency hand de- 
termined by the filter bandwidth. The Bl»F output, in then 

a(t) - x(t) i- n u (t) (III. 2. 2) 

where n u (t) is the portion or component of the white Gaussian noise that is in the 
signal frequency band. Assuming a carrier frequency f Q * w 0 /2it, we have the 
narrowband signul representation 

a(t) = R(t) cos jwgt + n(fc)] (III. 2. 3) 

where the envelope R(t) and phase n(t) are "slowly varying" compared to the 
carrier oscillations. 

We now consider a mathematical model for the TOT followed by the zonal 

filter. First let 

* 

,t(t) - R(t) e 1 [V f (111.2.4) 

he the complex signal representation of the narrowband signal a(t) which enters 
the 1WT. The TWT output complex signal B(t) is assumed to be a memory! ess complex 
function of the complex Input signal given by 



1UO - l'fA(t)) 


(I II .2. A) 


i ■■ *** 

* — 

hef til ing 

<t>(t ) - «i„l + nU) ^ 1 1 1 " " 0> 

« «• " v * 


B •* I 1 ' (A) 


« fOu^ 1 * 1 ) 


( 111 .2.7) 


Which in periodic in 4, U— B can ho »«» « '-Hu 
terms of harmonics of l i'. namely 


» - r «. 


(K)o 


1 >» 4 > 


(in. 2. 8) 


or 


reinstating the time parameter 


„ and fiuttHtltutiuR for MO Mon. (ia. 2 . 0 ), 


“ ;|n|m 0 t + n (01 

B(t) - 2-r C n (R(t>) * 


(m .2.9) 


n n ' 


the ftmrfo.r «rl» o~fH*io»«« .«„(RM>» «“» “ *“» 

serlca oxpauHlou fa l.orlormod ovor tl-o varlaMo ♦ .HI. R "of • 

Tho oo»|.l..x BfR.m1 MO '»» *'H. .».**» dlolr Umtloo 

„her« W who tho uaual "narro.ban.l a.RBal" aaa.-,.Oon that «(0 "< > ' 

Z ^ O- O, ^ *-■ -tor nor. — 


★Occasionally 
dependence of 


in our discussion, 
certain signals on 


we shall for notational convenience 
the time parameter t. 


suppress the 
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SPEC I RUM OF B(t) 



Z(t> ■ C 1 (R(t))e^ W ° t + 



Figure 2. Zonal Filter Output 

spectra. The zonal filtering of H(t) results in the complex signal 

;j(<n t + n(t)] 

Z(t) - C 1 (R(t))e (III. 2. 10) 

where, since Cj (R(t) ) la a complex coefficient, we can represent it in terms of a 
real envelope f(R(t)) and phase g(R(t)) as 

(^(RU)! - f(lUt)) e (111. 2. 11) 

Thus the satellite output signal, In complex form, Is 

1 1 t + g(R(t )) + n(t) ) 

Z ( l ) = f(R(t))e (III. 2. 12) 
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which has t lu* real. part 


«(t) « 1 (R(t)) cus 1 K (><(!:)) + h(t ) | (JII.2.U) 

Tilt* envelope lunct Ion, !'(■), is commonly called tlu* AM/AM funct ion while the phase 
i unc t Ion, g(‘), la called the AM/l'M function. Special canes are: 

Linear TWT: f(K(t)) - y R(t) 

g(K(t)) « 0 (constant) 

Hard Limiting TWT: f(R(t)) « y 

g(R(t)) - 0 (111. 2. 14) 

Typically the AM/ AM and AM/l’M functions are given as measured TWT power and phase 
curves such as those shown In l-’lgure 3. 

A bandpass nonlinearity (Bl’NL) is any device that Is characterized by AM/ AM 
and AM/l’M functions such as our model for the nonlinear satellite transponder. 

As shown in Figure 4 two Bl’NI.'s in cascade form another overall Bl’NL. Satellite 
systems that use soft limiters preceding the TWT amplifiers can thus be modeled 
as such. 

Note that if the signal into the satellite has constant envelope 

R(t) - K () (constant) (i 11.2.15) 


then tin* output signal 

*(l) " f (R 0 ) COS |m 0 t + g(R (} ) + n(t)| (111.2. 16) 

is an und i st ort ed amp I it ieat ion of the input signal with only a constant phase 
shift g(K () ' which can be easily removed at flu* receiver. On the other band, sup- 
pose the Inpot to the satellite consists of a non-constant envelope signal such 
as the sum ol two tones of (set in frequency. Then, In the absence of noise 

r(t) - eos| (,.* 0 F -V..)t | + cos|(m 0 - Am)t + * | 

" R(t ) cos ( i () t f n ( t ) | 


(m.2.i7) 
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E 


NORMALIZED SINGLE-CARRIER INPUT LEVEL, dB 



OF POOR QUALITY 


x(t) 



BPNLi 


BPNL, 


x(t) 

f(-> - f 2 (fj( • >) 

z(t) 


g(* > = g 2 (fj(*)) + gi<*> 



BPNL 


x ( t) * R(t) cos 

[WqI + 



1 

y(t) * (R(t)) cos [co Q t + gj(R(t)) + t;(t)] 

t 

z (t) - f 2 (f 1 (R(t)) cos [w Q t + g 2 (f 1 (R(t)) + gj (R(t )) + ^ ( t )] 
* f (R( t )) cos [cogt + g ( R( t )) + 77 ( 0 ] 


I' lutin' U . Cast'adi' of Two Hl’NI, 
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ORIGIN/M, r 
OF POOR Ql'AJ l?. - 


H(t) ~ l^cos Amt f eon | Amt - »(i 0 | ) ^ + (s In Amt - h 1 n | Amt - iji^])^ 


(ill .2. 18) 


j Min [Amt- <|>y] - sin Amt 

n(t:) = tan ~ ’cos Amt (III. 2. 19) 

Figure 5 shows typical measured Input and output signal spectra for a satellite, 
with such a two-tone input. 

In general with non-constant envelope signals Into a satellite TWT, one has 
at the output intermodular ion distortion of the original signal. The degree of 
distortion is a function of: the AM/ AM and AM/PM characteristics and the operating 
point of the TWT. With non-constant envelope signals into a satellite. TWT, to 
minimize intermodulation distortions one generally "backs off" the TWT operating 
point to a region where the TWT acts approximately as a linear amplifier. This 
means that the satellite output power is not at its maximum capability and the 
downlink suffers a loss of potential channel capacity. Typically, to operate in 
a linear region, a TWT must be backed off 5 to 6 dB. 

1.0 Some Add It Iona 1 Results for tho^ Line a r Ch annel 

In Part LI we described the linear channel which is modeled as an additive 
whLte Causa lan noise channel. Here, we briefly review the maximum-likelihood (ML) 
criterion for this channel and show how previously derived bit error bounds for 
the ML receiver can he modified when this receiver Is used on channels which are 
not matched to It. In such mismatch situations, the receiver metric is not Ml. for 
the actual channel at hand. 

Suppose the data sequence u results in a transmitted waveform x(t;u). Then 
the output of the channel has the form 

v (» ) - x(t;u) + n(t ) (riT.3.1) 
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Two tones art', transmitted to the satellite as shown: 
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following signal is received at Earth stations, showing 
intermodulation has occurred between the two tones: 
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Figure r >. Intermodulation Measurements 
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where u(t) :Ls a white ilaussian nul.se process with double-sided speet ra I density 
N 0 /Z. The. MI, receiver decide;; that the sequence u was transmitted where u yield;; 
the maximum value of the total metric 


m(y;u) 


k»l 

/ 


y ( t ) x ( t: ;u)dt 




(t ;u)dt 


(il I .1.2) 


'V, 

over all possible data sequences u. 

In many cases of interest, the signal during any T-seeond symbol Interval 
is characterized by a "state" and a data symbol. That Is, 

x(t;u) = x(t;s n ,u n ); nT < t < (n+l)T 

for all n (111.3.3) 

where u is the nth data symbol and s is the "state" at the beginning of the nth 
n — n 

T-second Interval. Then, the above total metric can be written in the form 


S " ,( W u n ) 

n=-°° 


where 


(n+l)T 

y(t)x(t;s n ,u n )dt - | / x 2 (t;s n ,u n )dt 

nT -™ 

(III. 3.4) 

Here denotes the statistic that represents y(t) In the nth transmission 
Interval . 

In Part II, we presented many examples of MI. receivers for various modula- 
tions. In all cases, the key to deriving general symbol error probability bounds 
for these receivers was to first derive pair-wise error bounds. Suppose, for 


m 


<VV u n ) ' 


/ 
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example that', u la the actual transmitted data sequence. Then, the probability 
Pr(uui) that some other sequence u lias larger total metric waa ahown to have, the 
upper bound 


?r < u> A) r I] ,, C<»„»“ n ) * (H n il, « )) 

n ,a ~'" 


(lit. 3. 5) 


where 


A A 


D(( V U n^’ * B n*V* = exp 


1 

an' 


i 


(n-KL ) T 

[x(t}» n ,u n > 


x(t;s ,u )] dt 
n n 


(III. 3.6) 


Having a bound on the pair-wise error probability that is a product of terms in- 
volving only the data symbols and the corresponding states was shown to be neces- 
sary in order to use the transfer function bounds discussed in Appendix A of 
Part IV. 


3.1 Pair-wise Error Bound - Mismatch ed Re ceiver 

In many practical situations the channel may have a different form than that 
assumed by the receiver. That is, the receiver may use a metric mCy^js^u^) which 
Is not the ML metric for the actual channel. The channel, for example, may have 
multipath or cochannel interference while the receiver assumes the channel is the 
ideal additive white Gaussian noise channel and uses the decision rule based on 
this assumption. 

To evaluate a symbol error bound for this "mismatched" case, we again con- 
sider the pair-wise error probability between two data sequences u and u. Con- 
sider the Chernoff bound, 


Pr(unt) - Pr 


E m(y ;s ,u ) < 7 , m(y ;s ,u )|u 

n n n n 1 - 


n- 


Pr 


7 im(y ;s ,u ) - m(y ;s ,u )] • 0|u 

v n n n n r n 


n=— 
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< R 


c>xp f X ^ ~ m( VV u n )]} 


n= ! -" 


exp|X[m(y ;s ) - m(y :s ,u ) 
1 v At a’ a 7 «’ a’ a 


( 111 . 3 . 7 ) 


where; X is any non-negative number referred to an the Che mo ft' bound parameter 
and tlie expectation is over the channel random disturbances. (Jenerally, we. assume 
these disturbances are Independent over each non-overlapping T --second time inter- 
val. so that 


Pr(a+u) < j~| E 


exp { X | 


n«-«> 


m( VV 


V - 


m( vv 


"„»>] 


- n 


n®-" 


D, ( (s ,u ), (s ,u )) 
X n n n n 


(III. 3.8) 


where 


D X (( V i n M V u n )) ‘ E 


exp (Xtm^;.^,^) - n>(x n ;s ii ,u n )]} 


(111.3.9) 


When, In fact, the channel is the ideal additive white Gauaslan noise channel, by 
minimizing (111.3.8) with respect to X, we obtain the previous result, namely, 
(III. 3. 6). 

The symbol error probability can be found in this mismatched case by again 
using the transfer function bound approach described in Appendix A of Part IV. 

Also the final bound can be further reduced by a factor of one-half as discussed 
In Appendix B of Part IV. 

As an example suppose the actual channel had both addit ive. Interference i(t) 
as well as additive white Causslan noise n(t). Then, the channel output is 

y(t) = x(t;u) + v ( t ) (III. 3. 10) 
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V ( 1 ) * l(i) 1 n (t ) 


(III. VII) 


and u In still the I ran sin I (I ml data Moquoiif-n. fUippnso flint. dosplli 1 tin 1 prom'iico 
of !(()» tin' rot*o Ivor usns llio Ml. molrlo for t lie fdoa'I oddlflvo wlilto Haunslan 
no l.so cliannol namely ( I I I . !)./») . Then, for y (t ) In (i l l. 1.IU), wo liavo 


. 'V. 

m(y ;s ,ti ) 
mi it n 


l 


(n+l)T 


(n-KL)T 


yUMt^.u^dt 


1 C 2 / s* ’*> , 

• f x (t ;s ,u )dt 

2 J n u 

nT 


/ 

n'l* 


(n-fl)T 

x(t;s ,u ) x ( t ; s ,u )dt 
’ n n n n 


/ 

nT 


(n+l)T 


4- I V ( l ) x ( t: ; s ,u )dt 

n n 


(n+l)T 

2 I 


/ 

nT 


(m.3.12) 


mid for constant envelope signals 


(n+1 ) T 


“'wV - 


f Hi 

nT 


/ 


(n+ 1 ) T 


» / v(t ) i x<t. ;«„,*»„) - *0 Mi- 
ni’ 


(I II .3.13) 
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.(uR)T 


nT 


- x(t ;h ( ,» n ) |dt 


x K 


,(n+l.)T 


v(t)UO:;H n .M„) - x(t; V U n ))d(} 
nT 


(III. 3. 14) 


where, recalling the. definition of v(t) In (0,1.3.11). 1«W i« the expectation over 
the uplink noise. n(t> and interference l(t). This expectation can be evaluated by 


first performing the expectation over the noise process which is easily done 
since 



(n+l)T 
n(t) [x(t; 


V“»> - ’ t<t S"n>V ,dt 


is a Gaussian random variable. The expectation over the uplink interference 
term 



(n+I)T 
i(t) [x(t 



ii ) - x(t;s , 
n n 


u ) ]dt 
n 


can either be performed directly for a given interference model or by using a com- 
putational technique, based on moments [42] provided that moments of this term 
can be computed. Once these two components of the expectation are evaluated, 
then multiplying them together gives the expectation required in (111.3.14). 
Finally, substituting (HI. 3.14) into (TTI. 3.5) gives the pair-wise error bound 
Pr(um) for this particular mismatched case which can then be used to obtain the 
bit error probability transfer function bounds as per the approach discussed in 
Appendix A of Part XV. 
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Ah an exuuipie of the appl lent Ion of the above dlseiiMttinn, wo now evaluate 
tho general hhornoff hound parameter given In ( J J I . ‘i . I A ) lor lit** earn* oi IH'SK 
modulation wi th additive whllo (lansnlen noise and Ini ori oroiioo. The signal 
tho form* 


x(t jn ,u ) u () /zs cim M^l ; n'l’ t ~ (ivH)T 


(III . 3 . IS) 


whom u Is tho ;lndo|>ondont Identically distributed binary data sequoiiro with 


1 


Pr(u u = U * Pr{u n B "11 2 


(m.3.16) 


Thus, tlui integral in tho first exponential of ( 111 . 3 . 14 ) la evaluated as 


i 


,(n+i)T 

x(t js ,u ) lx(t:;s 


n n 


,u ) " x(t;a »u ) )dt 
n n n n 


0 ; u® u 
n n 


-2 1C. ; u t u 
b n n 


(III .3.17) 


whore 


ST 


( 111 . 3 . 18 ) 


is the hit energy. Similarly, the Integral Involving tho noise In the second 
exponent la 1 of ( I T 1 . 3 . 14 ) heeomes 


/ 

n T 


,(ntl)T 

n(t ) |x(t-;s ( ,u n ) 


x(t .}R n » u n ) ldt 


*Note that for this form of modulation, 


there is no dependence on the state s . 
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0 ; u « h 
n II 


■/2K.N., ii n i ii i it 
l> 0 u u, c ii i> 


(1.1 I ,3. J.O) 


whore ii In a zero mean, null variance (iuunnlan random variable. Klnally, when 
n,e, 

u j* a , t lit’ Interference term becomes 
n n 



(u+l)T 



x(t;s ,u )]dl 
n n 


-2/2S - u 


l 


(n+l)T 

l(t) coy Wyt: dt 


III. 3.20) 


Wo assume the random variable 


i 


n 


A 1 
T 



(n+l)T 

i(t) eos Wyt dt 


(III. 3.21) 


has a symmetric probability density function with moment generating function 


4>(w) 


- K 



(HI. 3.22) 


which is an even function of 10 . 

Proceeding now to evaluate the expectations required in (111,3.14) using 

(III. 3. 19) and (Til. 3. 20) we obtain the following results. Since for u * u 

n n 

both Integrals evaluate to zero, then the expectation of the exponential of these 

quantities clearly evaluates to unity. On the other hand, for u i* u , we have 

7 n n’ 
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]■; J exp f A / i) (I ) 1 x ( t ; h ,11 ) - x(t ;m ,u ) |dl 


K exp I "A /2K. N.. u n 

* b 0 u 11,1' 


** exp (A' , Kj j N^.I 


(n i . 3 . 23 ) 


(n+l)T 

K exp ( A / l(t) (x(l. ;S , u ) - x(t;s ,u )]dt} 


K exp {-2 A/2H T u i 
1 n n 


- 'i (2A/2S T) 


11 . 3 . 24 ) 


respectively. Thus, for this case, (111 .3.14) has the simple form 


l, X«V u „ ) ’ <V u n ,) * 


1 ; u = u 
u n 


l exp(-2AK b + A 2 li b N 0 ) t (2A/2ST); t» n / u fi 


(lit. 3.25) 


The moment general Ing Time t Ion of the Interference term in (111.3.24) t an he 
evaluated based on mathematical models of the Interference signal. Kor example, 
pulses due to many radar souret's might result in the model 


n 


(1 II .3.20) 
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Evaluating (Tfi .:i.2H) al w “ 2a/2S and further letting “ AN { ,» we « t>l 1 lu * 
normal l/.ud form of (I 1 1.3. 21) itf. 


I ; u * u 
n n 


■l/VV' <V"n» " 




- 2 Wo + > oV"o + !" 



which in general, must be minimized with respect to A^. If the interference-to- 
signal power ratio is small, l.e., L/ fs << 1, then we can approximate the sinh 
function by the first two terms of its Maclaurin series expansion which simplifies 
(111.3.29) to 




“n ) ’ ( V u „ )) 


1 


U 13 u 
n n 


exp { ~2 X 0 F. b /N 0 + X 0 2 F. b /N 0 + 4* 0 <W (1/8) )i “ n i % 


(III. 3. 30) 


where 


I * 4>" (0) » (Vl'h 2 /3 (111. 3. 31) 

is the total interference power of 1 . Minimizing (111. 3.30) over A^ results in 


min 


D J 0 «V V- ( "n’"n )) 


1 


u 

n 


l exp 


Vo 

I + 'i(l/S)(P. h /N 0 ) 


u f u 
ii n 


( I H . 3 . 32 ) 
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(. Is an II versus l!,,/N„ lor ,ar Ions values "I 1/S. 

Aitol her a|.|,r lo 1 -villt.ilt III,! III.' «omoill Roller, II lllR lourllon ol t„ Is 

I. iislur. mouienrs o, 11,0 rondo,,, varlnhle 

and I nl orl whore I, I »> „t hide r-« W rl.M... 

,-am>s whi‘Vi‘ this approurli fs um>,ul * 


4,0 Niinl Liu'a)’ Oianut'l 

„ow oonsldor ,l,o sal e 1 1 I mol ol llnuro I. I*,rl..„ "»• nth !"••>»- 

Interval, ,lT a l Oi+DT. the eplleh slRtiul Is x(tt«..«n> r ‘“‘ uU1 “ 8 to 
I ho unU'llllo Input signal of tin' form 


r (t ) - x(t;» n .u n ) + Kt) + n u (t) 


(Til. 4.1) 


After pa 


I hr thr.„,„h 11,0 Silt o 1 1 1 1 o li,uul|.i,.s 1 1 1 lor Hits slR.1,11 heroines 


a ( t ) x(l ;s n ,u n ) + v(t) 


(III. 4. 2) 


whore wo have ,.ss„i,,od II.,. I Hie sl,,.,„,l ,«.»«•» nudls, or, ed and »(• ) <» »* " U, ’ r, ' J 
uplink InU'iM oronoo plus not so. 

SI,,,.,. „(|) Is „ „„rrowl„.,itl s I I • wo e,.„ ro|,roso,.l II as In ( 1 U. 2 .M whore 
,.„vol,i|,o K(l) ,1.1,1 |,l„lso „( 1 ) d, ■|,on,l on I»„l, "»• m'"" k l,lu 'rod 

Ink tut or, oronoo ,,l.,s mil an lore v< 0 . Us Ihr .he Urn, -order model for .he 

|„o , r„„s|,o„do, . down I Ink slR,„ll Is Riven hy r .(0 ol .lll-.U). 

,|,o mil Interval * »T - I <n+l)T, «U> rl«l» d nP‘'"ds on the nth data 
sv„,«„ „ n I 11,0 nil, st at o s n as well as Iho hand,, ass I, Herod unlink Interior 

phi.*, no 1 st' torms. 

the downlink ,„ol Is assumod an Id a.dlllve while U.nsslnn noise 

I'hanno l rnsulliuf. In Iho signal 


vU ) ~ / (t 1 ♦ n^(t 1 


(Ml .4.1) 
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4.1 Mismatched Receiver 


Hunt receiver designs are bused mi the I, deal addit ive white Gauss tan anise 
channel. . Such receivers, however, are mismatched to the satellite channel since 
they no longer form a true maximum"! ike.l. Ihood (ML) decision rule. Here we assume 
the mismatched receiver based on the. MI. decision rule for the ideal addit ive white 

'V/ 

Gaussian noise channel with symbol metric as in (1.11. 3.4). Again when x(t;« n ,u n ) 
is a constant envelope, signal we have, analogous to (III. 3. 13), 

, "<-VV“n ) ' ' n <W u n > 


,(n+l)T 


J z(t) [x(t;s n ,u n ) - x(t;s n ,u n )]dt 


(n+l)T 


j n d (t)lx(t;S n>l l n ) - x(t ; s n ,u n )]dt 


The term 


(III. 4. 4) 




(n+l)T 


d (t)[x(t;s a ,u ii ) - x(t;s n ,u^)]dt 


is a zero mean Gaussian random variable with variance. 


(III. 4. 5) 


N (n+l)T 

2 Od / . , * " \ 


x(t;s ,u )1 dt 
* ir n 


(111.4.6) 



I 


1 


Ot :lti 

OF POOR QUi - r - 1 


where N , is the downl ink noise spectral density in watts/ 11 k. Slnee 
()d 


AN dl 


1.2 2 



a exp 

T x "d 

(J 11.4.7) 


we have, from (III. 3. 9) that 


V ( V\ M V U n )> " E 


(n+l)T 


= exp 


"-fSf [*<ti5 n ,%> - x(t;8 n ,u n )l 2 dt 


x E 


nT 


,(n+l ) T 


z(t)[x(t;s n ,u n ) - x(t;s n ,u n )]dt) 
nT 


(III. 4. 8) 


where E{ • } is the expected value over the uplink filtered interference plus noise. 
v(t). The numerical evaluation of this expectation is the key to evaluating 
transfer function bit error bounds for all. the various satellite eossnunlcation 

systems . 

Because of the memory associated will! the integration over the nth data 
symbol interval (nT, (n+l)T), the above evaluation is quite difficult to accom- 
plish unless one is willing to make some simplifying assumptions. One such 
simplification is to assume that the satellite transponder BI’F is ideal in that 
It limits the satellite input signal r(t.) to the signal space generated by the 
pair of quadrature basis funet ions 


'e 


(t) * 


T ( '° H "’O' 


(t) 


- -A - 


in () t ; 0 t 


(111.4,9) 
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Kqii Ival fat I y , the fill »*red version of r(t) lias the form 


a(t.) - x(t ;s n ,u j) ) f v(t ) 


* r <|> (t.) + r <|> (t ); nT •' t •' (n+l)T 

n , e n,c n , s n , s 


(III. 4. 10) 


which has only two degrees of freedom characterized in each T-second Interval by 
the pair of orthonormal functions 

4* (t) = ♦ (t-nT) 

n,c c 

d> (t) = 6 (t-nT); nT < t < (n-HL)T 
n,s s “ 

(III. 4. 11) 


and coefficients 


n,c J 

nT 


(n+l)T 
r (t)4 


n,c 


(t)dt 


x + N + 

n,c n,c 


i 

n,c 


,(n+l)T 


= / r ( t ) <b (t)dt 55 x 4- N + i 
n, s y n, s n, a n,s n,s 

nT 


(1X1.4.12) 


which art the. projections of r(t) on these basis coordinates. 

In (HI. 4. 12), (x ,x n ) are the quadrature signal components, ( N njC » N n>a ^ are 
the quadrature uplink noise components which are independent with zero mean and 
variance u 2 - N„ / 2, and (t ,i ) are the quadrature components of the uplink 

inter ferenc e , 
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With the above approximate, model, the upl ink atonal envelope la 


H 



+ r 


n,a 


(III. 4. 13) 


and its phase is 


n - tan 


n,s 


n,e 


(III. 4. 14) 


The corresponding satellite output signal of (1X1.2. 13) then has the form 


z(t) ■= v /~ _ f(R) eos (g(R) + n)<t> n>c (t) 


+ y|~f(R) sin (g(R) +n)^ n>s (t) (III. 4. 15) 

which is a function of the uplink signal, the noise components ^ N n>c » N n>9 ^ an< * 
the interference components (i ,,i )• Thus, the evaluation of* 


E 


exp { A 



(n+l)T 
z(t) U(t; 


s ,u ) 
n’ n 


x(t;s ,u ) ]dt } 
n n 


exp{ A f (R) t (x 


n, c. 


X ) cos (g(R) + n - g) 
n,e 


+ (x - x ) sin (g(R) + n ~ g) I ) 
u, a n , h 


(III .4.16) 


Involves t lie expectation over the two Independent Causslnn random variables and 

two interference random variables. Since N and N are Independent of 

n jC iijo 


the 


*We assume that a phase-locked loop tracks the long time average of the satellite 
out put signal and g is the phase of the loop's reference signal so produced. 
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uueti other, the expectation over them* uplink noise components ean In* iij.piv.Al.iiJ.lod 
using the (lai.iss--Quadrut;ure rule* [431. The difficult part nf Mu* above evaluation 
Is the expectation over the typically correlated Interference random vorlahloH 


t and 1 
n,c. n.s 


As an Illustration of the evaluat ion of (HI .4.8) nsing (I I 1.4,16), we con- 


sider again the UJ'SK example of the previous set 
terlxed by (III. 3.15) together with (111. 3. 16). 
become 


lion whert* x(t ;s n ,u n ) Is elmrac- 
Here. the. coeff icients of (H I .4.12) 


r = u + N +1 

r n , c. n v b n , c n , t. 


r * N + i 
n,s n,s n,s 


(III. 4. 17) 


Noting that for our simplified model 


/ 

nT 


(n+l)T 2 : 

[ x(t;s n ,u n ) - x(t;s n ,u n )l dt - <x n>c - * n>c > + (x n ,s " X n,s } 


0; 


u = u 
n n 


4E V * u n 


(111.4.18) 


and 


f(R) 


(x - X ) cos (g(k) + t! - g) + (X - X > sin (g(R) + n - 8 > 
I' n,c n,c * 


0; u n - u n 


+ (N n,s " < 


> 2 ) 

n.s ' 


x ci s g 



(u 


/}•; + N cl )^ t (N +1 ) 2 )+ tan 1 

n b n,c n.c 7 n,s n.s / 


N I i 
n , s _ n , H 

. u / K. + N +1 
[_ n b n,c n 


u i u 
n n 
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then, performing the average over N and N given 

1 1 f i n > h 


D. ( (s ,u ) , (s ,u )) 
A \ n’ n n n / 


I: u " a 

* i) n 


exp{X 2 K b N 0d }K 


N N 

V V 


E&- 


exp -2AU/K, 


J-l- 


C e» :I n 4 ’VV } 

n n , ‘ • n , h 4. j 


; u u 
’ 11 11 


(111.4.20) 


where 


« ( V 1 n > c.' , „,»> N l'* i .1 ) “ A ! (t/v' 1 - 4 N I + + (N J + w 2 ) 



(III. 4. 21) 


In (III. 4. 20), the expectation is now only over 1 t and 1 while in (111.4.21), 
{Nj,} are tlie mass points for the Ga jss-HermlU' quadrature formula and lw { \ are 
the corresponding N weights. Appendix B of [4 a] tabulates set s of normal ized mass 
paints (NjM and normalized weight s iWj * ) for values of from 1 to 20. To 
relate the normalized mass points and weights to the unnormal i zed ones needed Ln 
(TIT. 4. 21) we use the relations 
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N ’ - - n ,//n,. 

I 1 it 1 On 

Wj’ - /nw ( ; h-1,2, .... N v 


(1 I 1.4.22) 


To evaluate (111.4,20) any further, hi part leulnr, to perform I ho minimisa- 
tion over A , wo must apoolty part leulnr AM/AM ami AM/ I’M eharnet or hit Ion f(R) and 
g(R), ronpool I vol y, ami an I lit orferonoo modi'! tram which the random variables 
i and I oau ho stat ist: ion! I y modi'lod. Thi’ simplest turn! Inoar model !.» that 
of a hard-1 tml t tug sat o! .1 jto repealer as oharaot or i./.ed In (TIT. 2. 14). For tills 
o.aso, (IJ i. 4. 21) simplifies to 


f,(u ,1. ,1 ,N ,N. ) » ft. 

n n,e n , s i \ V 2 


u A',. + N, i i 
n 1) 1 u,e. 


f(u /is, + N. + i r + (N. + t. )' 
n b l n , o. ,| n,s 


(111.4.23) 


If furthermore, wo assumo tliat i(t) - (),* tlum the expectation In (111. 4. 20) Is 
no longer required, hot ting Aq " a/k b%d> then after some simplification, we 
obtain the following result: 



(I ! 1.4. 24) 

*ln the next part of this sen ion wo shall oonsldor an example where l(t) 
responds to hit ersymhol Interference. 


cor- 




whom 
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•) 

A * * I * 

ii . « , * , - downlink sinnn I - I i>— im> I m> ratio 

a /N mi 


- „ ' *» unlink hIkim'I H o-nu Ino ml In 
M N »u 

(i l l ,A.2'>) 


and wo have' also ropluood u^N ( ' by N,* slnoo f ho N, ' valuon aro syinmotrlc around 
■/, 1 'vo. K 1 j>uro / I I lust rat os I) vorsus p (j with p u as a paramotor us I tip, 11-polni 
Causs-tjuadral m'o, l.o., 

Anothor simp< li' f «-.tt Ion of (111. A. A) assumos that tho combi nod dotnodu I at ton 
and dot' o.o t Ion o pur at Ions as roproHoiit.od by tho Into^rals In this equal ion aro 
replaced by Ideal oohoront demodulation followed by low pass f 11 te.rlnp,, sampl ing, 
at tlu 1 data rati' and a m 1 sinat oliod dotoolor (sou Klp.uro b). llot’o t ho low-pass lll- 
li'i's aro assumod to ho idoul in tho sonso ol pans (tip, l ho slpnal components without 
distortion whllo limiting, tho downlink white emission no I so to tho signal band- 
width. Tho abovo assumpt ion is tantamount to al lowing t ho into continuous-time 
systont to bo approx (mat od by a discrete-time model . Snob a model which soparalos 
tho domodulalion proooss from tho dotoot ion proooss also allows taking advantage 
of tho low-pass equivalent roprosonl at ion ol signals and sys loins and its mat he - 
mat (oal obarao t or i r.a t ion in many ways rosomblus tho two root'd inn to description 
ol tho svstum just disonssid. 

Wo begin hv writ tug tho signal rompononl z(t) ol l ho roooivod downlink 
signal y(t> ol (I II. A. 3) in tho form | soo (I I 1.1* .11)1 

>•.(() - I (K (t ) ) oo*- | g(lt( t ) - g t n(t ) | oos (,.i () t ^ g) 

- t (Kft )) sin |g(K(t )) - g f n(l ) I sin (in () t f g) 


- (t ) OOS (..' I 
i‘ u 


f g) - z t ,(t ) sin (f.iyt +- >0 


(Hi .A. 2b) 
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where 


ami 


z (I) - i («(«■ ))n»« |k(r(i))- g i n(i)l 

i* 


(m.A.;r/a) 


/ (t) A v fi<(t ) ) min IgOUO) - r, + n(t)l 

H 


(III. A. 27b) 


arc. slowly varying 
modulation by -2/T 
the ideal low-pass 


compared to the carrier oscillations. Alter quadrature dc- 
h I n <„. t + g) and 2/T cos (u, Q t + g) , the sampled outputs of 
filters at time t* + nT are given by* 


y c (t* H nT) <= s! c (t* + nT) H- n dcj (t* + nT) 


(111. A. 28a) 


and 

y (t* + nT) * a (t* + nT) + n d;j (t* + nT) 

8 S (111. A. 28b) 

where the downlink noise samples n^t* + nT) and n^Ct* + nT) are independent ! 

zero mean Gaussian random variables with variance ] 

2 N 0d 

l, d " T (111. A. 29) 

Implicit in (1M. A, 29) is that the noise bandwidth of the ideal low-pass filters 

is 1/2T. ! 

i 

J 

*The criterion for select l ng t* (0 : t* T) will be discussed shortly. 
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a I gnu I 


1 } "‘ fill'd receiver Was t ho form .if Hu* opt 1 mum receiver for t in* upl ink 


x(t! V u n ) * x c <t;fi n* u n )l ‘ OB 'V 


X s (l Jf, n’ u ,i ) s in V 


( 111 . 4 . 30 ) 


trunsin 1 1 ted over an ideal additive white Cuusslan no la*.* ehunnol. Here x (t;s ,u ) 
and x s (t »H n *« ll ) are the coaJ.no and sine components of the narrowband signal 
x(tjB n ,u n ) during the nth Interval. Defining samples 


y ne “ y c < L * + nT), 


y ns = y K (t; * + nT), 


nc 


x (t* + nT; s ,u ) , 
c n n 


V ' V** + n a v%>* 


v " \ (c * + nT >. 

Vs " \ (t * + l,T >. 

- V ( >* + '* T ». 

Vs " + "’ r >. (III. 4. 31) 


un! vectors 
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wt> represent tlu> ili'ti'i't or output samples at time l* + tiT an 


(III .A.31>) 


y K t. i n 
; 1l 11 11 


(I I ! .A.'bl) 


Tho. mismatched receiver uses the mol r to 


■'VV'V " 


” + (’VV (III. A. 34) 


uU ld> would bo. optimum 11 the d-d w« tte U«1 IH* .1th oddlUvo 

white Gaussian noise. 

Using this metric in (HI. 3.9), wo have the Chornoii hound 

V<V l V’ ( V u n )} " R “ xpl “ “‘WV 1 1 


a BpplHV*,, - 

- eLxpI XC.n^.x, “ x,)l K | t,xp * x( V*n ~ \ )] 


(111. A. 35) 


where the t irst expectation Is over the downlink noise components n^ while the 
second expectation Is over the uplink random variables Included In the satellite 

output signal components Since 


K explXO^.x, ~ * n >l| ' *'*!> ;> X ‘ M x „ 


2 N 0d 


ORitwc/ii. tv, a.; i.. 
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we lmve, analogous to (l I 1.4.8), 


N 1 
1 2 (Id 


V ( V l V’ ( V u n )} ' t,Xp 2 A ' 11 " X n 11 "t 


x 1! explUs^.x, " x>> l 


(HI. 4. 37) 


As noted earlier, this parameter is directly related to the entail rate of the 
channel and is useful in computing transfer funeth ' bounds for receivers that 
use the Vlterbi algorithm with the above metric. 


4.1.1 


Example o f MPSK with itit_e.Fjsyj^url . In 


Consider the system shown in Figure 9 where the hand! :1ml t i.ng 1 liter at 
the transmitter determines the channel bandwidth and Introduces int or symbol Inter- 
ference. The ideal transmitted M-ary phase, modulated signal has the form 


s(t) « A p(t - kT) cos lw 0 t + 0 k ] 


(III .4 . 38) 


where (0, ) are l.i.d. random phases taking values in (0 M ' m > 1,1 ” °* 1 » M ~ l * 

k 

with equal probability. Here p(t) Is given by 


1 ; 0 t 


; 0; otherwise 


(1 U .4.39) 


We characterize the Impulse response of the bandllmiting transmit filter bv '' u (0 
The filtered transmitted signal lias the tonn 


x(t ) ™ s(t )* h^(t ) 


A h(t - kf)cos|..> 0 t + •;■(» - kT) t i' k | 


(111 .4 .401 


I 





Figure 9. A Satellite* -Lem Model for Ml’SK Modulation with Tutor. symbol 
Interference 


where h(t) and tji(t) are the envelope and phase functions oi the filtered pulse 
shape. In general, these two functions spread over an infinite number of signal- 
ling intervals. However, in any practical case, we may assume that the inter- 
symbol interference has finite span. Thus, assuming that h(t) and <|>(t.) are spread 
over an l.T-seeond interval, we define v = 1.-1 as the mem ory of the channel. 

Further defining the translated and T-scc truncated versions of h(t) and <J'(t) by 


h L (t) 


h(t + IT); 0 < t i T 

< 

0; otherwise 


^(t) 


i|i(t + i T) ; (I : t i T 


0; otherwise 


(li I .4.41 ) 












ORlCPJ/y r 

POC',1 ( V; ( 

llit'ii the uplink signal In ilit* Interval kT i t _ (kt-l)T can be written In the 
form 


where 


and 


x(l ; V u k ) « A X^ h j (t: “ kT) eon |«i () t + ^(t - kT) + 0^1 j 

I"U . j 

i 

(111. 4. 42) 

) 

< 

l 


0 


11, 


2 it 

M' U £ 


> 


t: (0,1, . . . , M-l ) 


(111.4.43) 


1 


- (u 


k-1’ k-2 * 


u ) 

k-v 


(III. 4. 44) 


Furthermore, In view of (111.4.30) the low-pass quadrature signal samples are 
given by 


x 


ke 


x t ,(t* + kT; s k> u k ) 


h. (t *) ciih 1 1|<, (t*) + 


Vf 1 


[-■() 


(1 1 T , 4.45a) 


and 


x, s x It * + kT; s. ai. ) 
ks s' k k 


T. 


1 1 ( ( t A ) sin 


(»*) + b k _ 1 | 


i-0 


(Til. 4. 45b) 
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A . I. , 1 . 1 Memory I e_ss_ I 

Consider first the simple case of liPSK modulation (M w 2) , a hard-! Inrlted 
channel |see ( I II ,2 . 1 4) | , and a meiiioryless rmdvnr* that uses the decision rule:** 

Choose 0 = 0 (u K 0) If and only if y ■ 0 
n n nc 

Choose 0 * if (u = I) If and only if y, <0 

n o nc. 

Assuming 0 = 0 without any loss in generality, then the probability of bit error 

is 


P K - Pry 


nc 


0|u = 0 

1 n 


Pr \z + n 
nc nc 


< 0 u = 0 



(III. 4. 46) 


where the expectation is over the intersymbol interference and uplink noise. 
Here 


2 * z (t*+nT) 

nc c 

= y cos [ n(t*+nT) ] 


*Thls is the limit of the Viterbi algorithm with the assumed memory v 88 0. 

**Aetually in a real system, y nc would be used to make a decision on (or 

equivalently u n _i*) where i* depends on the criterion for selecting the "best** 
sampling point as well as the transmit filter bandwidth-symbol time product. 
Typically, in analyses of this type 11.7,21,33-35], it is assumed (and we shall 
do so) that t* Is chosen to correspond to the peak of the filtered pulse response 
even though this may not necessarily be the optimum point from t lie standpoint 
of minimum bit error probability. Under this assumption, 1* corresponds to 
the number of symbol times prior to the occurrence of the peak. For simplicity 
of notation, we shall ignore this inherent delay in making a decision with the 
understanding that the degradation due to intersymbol interference will always 
include the appropriate v pulse response samples both prior to and succeeding 
the pulse peak despite the fact that we continue to write our summations as 
going from 1*1 to i=*v. 
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X„ ( l *+uT) + " |U ,0 *+ llT ) 


& 


(t*f-nT) + n i|S (t*+i» T > 


,T)1 2 H Jx^(t*nT) + n iu ,(t*-1nT) 


, V 


TnT) j 


JJhjU*) coh [*,<1*) + Vi] + 


IK* 


1=0 


a£ h.(t*)8inl* i (t*) + 0 
1 1=0 1 


« I + n l 2 + [a Dlu O ’*) « :OS + ° n -i J + V.J 

n~i nsj L i^C) 1 1 •* 


(1X1. 4. 47) 


whore n and a are i,„i.-,>»ndont aero moan Catalan *•»*» varlabloa wtth variance 
^ uc ^ ^ 

a 

But terwortli transmit filter whose equlv- 


Next suppose that we have a 1-pole 
alent low-pass version has the Impulse response 


h (L) = 2nB 
o 


[■“ 


2 »Bt , -it ht , . , v , . . 

- • 4: e cos ( it C'l lit + II /6) I u ( t ) 
/ 3 


■} 


(111.4 . Aft ) 


where u(t) 
filter (2B 
iOy) . The 
(III. 4. 39) 


is the unit step function aiul B is 
ts the RF !v dB bandwidth assumed s 
response of the equivalent low-pass 
Is then Riven by 


the low-pass 1-dB bandwidth of the 
yinmetrle around the carrier frequency 
filter to the rectangular pulse of 


p(t) * p(t)*h ,(t ) 

L{t) - . «»; o - 1 i T 


• (t) - I < t -T) ; Tit i 


(lit .4.49) 


where 


0(ik> »'-■ - l i 
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1 U 1 ) 


- exp (-1! iilit ) 


exp ( — ii H( ) uln (n/’Jlit) 

/i 


(III . so) 


Figure 10 is {in 1 1 l nut rat Itm of p(l) versus t/T Inr various values of BT. Assum- 
log that tin- ratio of carrier frequency i*i^ to I'll tot liundwidlli Is large, then tho 
in~phase bandpass pulse response h(t ) cos iji(t) Is approx I mutely equal to tho 
baseband pulso rosponso p(t) and tho quadrature phase pulse response b(t.) sin 
t|i(t) is approximately equal to zero. 

Lott ing p^(t) be defined in terms of p(t) in the manner of (01.4.41) then 
since 0 = 0 or ii for all n and I = 0, I, .... v, (10.4.47) simplifies to 


z 

no 



!C OOH ° n _i P.d*) n 

|~0 n 1 L "■ 



| A ^ cos Vi Pi< t * ) + 


n ncJ 


(01.4.51) 


or isolating the intersymbol inter ferenee 


z 

no 


A u p(t*> + A Vt P.O'*) + » 
n ^ 0"™ i jl i 


nc 


\i'\j ♦ [ a ?<»*> ♦ * t Vi ?)<'*> + vj" 1 


(JO. 4. 52) 


where 





A 


u 


(-1 


i ' 


(ill. 4. 53) 
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For tilts three-pole Uutterworth filter with pn ■»« response nf (TIT .4 -49) . « 
evaluated as* 


I - 


I 

fviiBT 


-2 ii NT -ii UT 

e - t> 


(HIM 


/'J filn /'InllJ’lJj 

(1X1-4 . *>7) 


which varies monotonlcally an « function of UT from zero (at UT - 0) to one-half 
(at BT - *). 

The evaluation ..£ (III. 4.46) ualug (III. 4. 52) can be acoompl i B hud by applying 
the moment technique dlccuuBod In Reference 1. In till,, regard, there are two 
approach™ which can he token and we ahull diaeuaa them both along with their 

relative merits. 

The first approach lumps the uplink noise and intersymbol interference 
together and uses the moments of this combined interference to effect a solution. 
Specifically, we rewrite (III. 4. 46) as** 


P b" 


, A_ V\/t p (t *> + u 

| «(^'i 





QlvTp 



- U p ( t. * ) + u 

k 2 +bl ! « p< t * > + “i 


! / _ -V + ” 

+ 2 K M ,2i, d i"T'Y\FT^ zz ' 

\ yju; + f-V “ r(t*) + » 



- 2 4v l, ’Vl + 2 k Iv ( 1;,Hs) I 


( T 1 1.4.58) 


*For the purpose of obtaining o as a closed form expression, we have let tin 

memory v be equal to Infinity. 

**For simplicity of notation, we set n ~ U. 
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where 


A 2 2 

„ fi 1 ■ M. 

'•* *.,* •' N o.i /T 

U 


(I I I .A.S'J) 


Is t;ht‘. downl ink n,l gna i .-I o-no i no power rat lo, 



i-i 


(III. 4. 60) 


and W » W arc independent Eero mean, unit, variance Gaussian random var tables . 
Since U consists of a sum of independent random variables, we can easily (using 
linear recursion techniques) get the moments of tl in terms of the moments of each 
term in the sum (see Sect J on V of [4?.]). furthermore, since is independent 
of U, we can apply the one-dimensional, moment technique twice in a way that is 
analogous to the two-dimensional Gauss-Quadrature rule used in arriving at 
(III. 4. 21). Before formally writing down the solution, however, we must first 
evaluate the moments of U and W . 

The random variable. II contains a single Gaussian noise random variable 
whose moments are given by 


(k— 1 ) 1 1 ; k even 

Qj k odd (II 1.4. 61) 

Clearly (111.4.61) also characterises the moments of W r . However, since is 
not linearly combined with the .Intersymbol, interference random variabl es, the 
expectation over W is most easily performed using a Gauss-Hermit e quadrature 
formula analogous to that In (111.4.21).* The remaining terms in IT are inter- 
symbol Interference from the transmitted pulse response samples. 

*ilslng the moment technique to perform the expectation on W s would produce identi 
cal results to that obtained from the Gauss-Herm I te quadrature formula. 


W 


.. k 


W 

c 

n 


z_ti. ■ ■ 
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(I) : K 




11 v>, u «> 

u I 


(I; k mid 


; k MVi'ii 


<11 1.4.62) 


tlslnp tin- reeurs I vi* al purl t Inn discussed In [ 42 ; Section V), we e«u immediately 
obtain the moments ol II, namely, 


P 




k « 0 , 1,2, ... 


(II 1.4. 1)3) 


In order to apply the romput at lona.1 technique. discussed tn [42], we must ft 
strict ourselves to A Unite, set of moments lor U. Thus, we now assume the maxi- 
mum value, of k In ( 1 I 1.4. f> *4 ) Is denoted by N, i.e., we compute only Nil moments 
lor II, This Impl ies that we. need only compute the same number of moments in 
(111 .4 . ol) and (111.4.62). 

Thus, ^ 1 veu p k l ; k ~ 0, 1,2, ... , N, the technique described tn [42] 
computes the approxlmat I up probability frequency function* 


% 


** I’rllKv 



(111.4.64) 


Then, us. I up this distribution in (111.4.58), the averape bit error probability is 
approximately computed as 



*1 lie hat 


M II 


Is used to denote the word "approx Ima t 1 np . " 


(in. 4. 65) 




wlu'n* jy | and (w I; m ■- I, /, ... , N, an* n apcol I vi* l y tin* ihhIkiIi I I 1 1 y limit Ion 

III 111 *’y 

|hi In) m and weights determined t rnju tin* ( iaunn— IJi*rm lit* quadrat un* formula 1 41). Tin* 
algorithms inii'd in compute N v , , tin* prnbab I I 1 1 y limit Inn points lx I and tin* 
proliabll Ity masses lit, I, v “ I, ... , N^, an* adi'i|tia 1 1 * I y desei Ibed in [42| and 
ar*‘ not repeated lien.. 

If tin* im iiiii*n t a of tin* un I in* random variables and tin* inomout a of tin* Inter- 
symbol Interl erenro, an given by (111.4.01) and (III. 4. 02) i espert I ve l.y , are 
grossly different In magnitude, llieii the a I gor I thins tor obtaining t lie disfrllm- 
t Lon potat o mid prohabit it y masses are quite sensitive to the accuracy wit h which 
the moments of U are computed. In these situations, It Is better to separate the 
noise from the. in ter symbol interference and average over each Independently. To 
see how this is done, we first rewrite (111,4.51) as (again assuming n « 0) 



V + W 




2 2 
4- (V+W ) 
s c 


* y cos r| 


(III. 4. 66) 


In (III, 4. 66), n represents the phase of the output of an envelope detector whose 
input is signal (V) plus bandpass noise. As such, n has the conditional probabil- 
ity density function 


p(n|V) - ~~ exp (-a) + R exp f-p(l - cos 2 n) 1 

2/n 


x erfc [ -/p cos t|] ; [ri| 


** h(p, eos n) 


(II i. 4. 67) 



where 


with 


Oftfr-p - ■. ■ . 

° F i , 

i, ’« , . 


(Hi. 4. OH) 


V ■ 


/(»: ■ 


U V ' V ,l ' 

.x 2-, u -i |> i 

,i."0 


(t*) 


x/v v (t * >+ /j-E 5 -A<**> 
V * 1=1 



” U () p ( t * ) + '// 


j 


(III .4 .69) 


Note that from (HI. 4. 60), 


V/ 


X) "-in 


, (t*) - (U - W 


1 = 1 



( 111 . 4 . 70 ) 


represents the total intersymhol interference alone. Using (111.4.66) and 
(III. 4. 67), It is now a simple matter to compute l 1 ^ of (it!. 4. 46), namely, 



(III. 4. 71) 


OF POOR QUA!. . * 


where t hi> plus nml mil ms mi p eorronpoiuls In V being eve I uni od with u () - II and -1 
reaper i I v* * 1 y and the oxportai Inn In now only over the ratal Ini orsymhol Inter-- 
I eronoe •'//. To evaluate tliln exportation, wo attain ><se the moment t erlin I ijuo whom 
tin* moinont a o! W we oomput od by applying tlu* mourn I vo algorithm of [42; Section 
Vj now, however, to only t ho iiiutnont.n In (J I I ,4. hi*,) , 

Tito integrals In (J 11,4.71) am moot nattily ova hut tod titling a Causs- 
Clii'hyolto.v quadrature formula [4.1], In part leular, lotting () « non t|, then 


VI 

f cos 

-ii 


p^, cos 



l 

N 

“ r Z ^ \H'±, \) 

V k=l (III. 4. 72) 


where 


0 


k 


cos 


(2k-l)if , 
2N 


1, 


2, 


N 

v 


(III. 4. 73) 


and N Is chosen depending on the amount of accuracy desired. Finally, then 
using (III. 4. 72) in III. 4. 71) gives the desired result 



N 

yj "fs n kH"-* \) 


(ITT. 4, 74) 



Otw ,1' ■ ' 
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(Mearly (hi* disadvantage of (111.4.74) relative to (1.1 1.4 .65) in t tit* add It I ona 1 
t* ninpii t./i t ’.tonal comp I t’xlly required to evaluate for ouch point In the double 

Huinwat Ion . 

A compel or program wan written which determines tin' maximum Pq(i*) of p(f) 
of (III. 4. 49) (see Figure 10) and Hie tntersymbol interference samples j^Ct*) - 
p(l.*TtT), MO.* Tin* memory v, l.e., Ulus truncation of p(t), v»as chosen such that, 
all p (t*) which aut . inl y |p. L (t*) |/p () (t*> •* «; worn act to »ero. Typically, It lian 
been determined e.xpe.r imentn.ll y that, a value of *•: * 10 la sufficiently small to 
guarantee the needed accuracy In computing bit error rates on. the order of 10 
Using (III. 4. 65) or (I IT. 4. 74) as appropriate, Figure .1.1 illustrates the behavior 
of the average bit error probability P^ versus downlink signal-to-nolse power ratio 
p, with uplink signal -to-noi.se power ratio p and filter IF 3 dll bandwidth- 
symbol, time product. 2UT as parameters. The particular method of solution for the 
moment technique, used in arriving at the approximating probability frequency distri- 
butions for the Intersymbol interference (and noise) is the B e rl ekamp -Massey algo- 
rithm [44] whose, application to problems of this type is discussed in [42]. From 
Figure 11, we. observe that for a fixed uplink signal -to -noise power ratio p y and 
IF filter bandwidth - hit time product 2BT, there exists an irreducible average 
bit error probability, say l>t> n , in the limit of infinite downlink signal-to-nolse 
p^. Since 


V.ira 0(x) 


1 

E3 


- Sjjn x 
2 


(III. 4. 75) 


then from (11 1.4.71), this irreducible error probability can be evaluated from the 
expression 


P 


h 


1 


1 

2 



F. 


K 



t h(p + , 0) - h(p + ,-0) | 


I h(,*_,o) - h(p_,-o)] 



dO _ 

•J | - 0^ 


(III. 4. 7b) 


*Wt‘ remind the reader I li.it pr. ‘cursive samples to t lie pulse peak are Included in 
tin* lot era vmhol interference. 
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nr using (Til. 4.67), 


j» a 1 - K 
’ll 2 


/v * " [-' , + <i -° Z) ] 


dO 


yf\ - 0 2 


-• K 
2 


f \] v 0 oxp [" p - (1 “° 2) ] ' 


J4 

\j i - 


1 - ~ K /() erf (/pjl - K 4T erf (/p ) 

Z i T ) <£ ” ” 


(III. 4. 77) 


As another example, consider the class of staggered quadrature modulations 
which Includes such well known techniques as staggered QPSK (SQPSK) , staggered 
quadrature overlapped raised cosine (SQORC) [45-47] and minimum-shift-key ing (MSK) 
[48,49]. In particular, the transmitter takes the form illustrated in Figure 12. 

Prior to transmitter filtering, a quadrature modulation signal can be 
expressed as 


s(t) 


A 


£ 


a p(t-2nT) 
n 


v n~- 


COH Ul^t 


+ A 


2 


b n ,.<t 


kii-- 


(2n+l)T)^ a 


in 


V 


(III. 4. 78) 


where as he I ore A is the signal amplitude, is the radian carrier f requency , 
a , h ~ it are the qundrature binary data symbol sequences each transmitted at 
a rate I /7T symbol s/see (T is the equivalent hit time), and p(t) is the pulse 
shape. For SQORC modulat ion, p(t) is given by 
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1 * 0 ) -- 


■> (' ' Jr) " 


t); otherwise 


AT ’ 


0 „ t _ AT 


(111 .A. 7 4 i;i ) 


Since. t he duration ol p(t ) (I . i* . , AT) Is creator limn 1 1u> symbol time 2T, then 
clearly the pu.l. son overlap In each data si roam; lienee, llio namo StJOKC. For MSK 
modulation, p(t) Is given by 


P(t) 



< 


0; otherwise 


(111. A. 79b) 


Alter passing through the transmit filter with Impulse responses h (t) the 
signal s(t) of (III. A. 78) becomes 


E », 


x(t) * Af y a . p(t~2nT) J COS (Oyt. 
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+ a (E b n p(t.-(2n+l)T)y sin 




(III. A. 80) 


where p(t) again satisfies the convolution of (TIT.A.A9). Following an approach 
analogous to that leading to (III. A. 58) for the BPSK case, one can show that for 
staggered quadrature modulations the equivalent relation Is given by fA7] 
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(III. 4. 81) 


where. U Is defined analogous to (II .1 .4.60) , namely. 
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t=i 


(III. 4. 82) 


and 


W « 


O'.-; 


(I-*) + w s 




(111.4.81) 


Note that now hath the Inphsse and quadrat urn sampled Interferences U and W eaeh 
conta Ln a single Oaussian noise sample and a sum ot tnt ersymbo I tut erl ei onee rail" 
dom variables. As before, however, U and W are still Independent si nee the two 
sets of intersvmhol Interlernuen terms are independent because of the independence 
assumption on the quadrature data sequences wi^- and • b () . Tims, one can still 
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; 1 1 1 1 1 1 y Clio. on.‘"«l Imt-Uft loan I moment ( odm I <iuo twice to evaluate 1*,, "1 (lU.^.HI) whole 

t ho atilt lot leal average over W now ropi esent s a genera I I /at Ion <>t the (? I m*> l « (>1111.1.1 
Hermit e average prev Ions J.y performed on W (( alone. In part .leu I nr, two uppreuehes 
are again possible depending upon whether tin* inline samples are lumped wit h t he 
Int or.'tyiiihol interference a nnpleu in dot erm in ing t he moment !', or the average 
performed on the noise and Int ersymbol lilt e.rl'orence separately. 

In t he cane of the former, mi approximating probabi.1 i t y frequency timet. ton 
Is found g I ve.11 the moment t of W, i.e., 


w ? - l*r W=y £ ; ft “ 1. 2, 


• * > N Vv 


(III. 4. 8/4) 


which together with tho. previously found approximating frequency function for the 
moments of U [see (III. 4. 64)] enables evaluation of (111.4.81) in a manner 
analogous to (III. 4. 65). 

In the case of the latter, we define [analogous to (111.4.70)] 
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(III. 4. 85b) 


which represent the intersymbol interference alone. Then, analogous to (III. 4. 71), 
we now obtain the expression 
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where now 
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"±■2" [« ?<**H*) J + * 2 ] (in. 4. 87) 

Again letting 0 « eon n and using a Cuuss-Chabychev quadrature formula to evaluate 
(111,4.86), we get the final -.result 



wliere 0^ is def ined In (III. .4.71). 

To numerically Illustrate the above analytical results, we again postulate a 
1-pole Butterworth transmit filter as described by the equivalent low-pass impulse 
response In (III. 4. 48). Substituting (lit. 4. 48) together with (III. 4. 76a) or 
(I II. 4. 76b) Into (11 1.4.49) then allows computation of the pulse response p(t) 
for either SQORC or MSK modulnt ions. In particular, for the raised cosine pulse 
shape 
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(HI. 4. 89b) 


While for the MSK pulse, 
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Figure 13 Is an Illustration ui: p(t) of (m.4.<J0a) versus t/T for various values 
of 2BJ . Figures 14 and 15 Illustrate! the behavior of the average bit: error prob- 
ability P b versus downlink signal-tu-noise power ratio „ d with uplink signa.1~to- 
noise power ratio f » u and filter IF 3-dB bandwidth-symbol time product 2BT as 
parameters. Again the Berlokmnp-Massey algorithm (44] was used to solve the 
moment problem. Analogous to the results for Bl’SK. there again exists an Irreduc- 
ible bit error probability Ph <n in the limit of infinite downlink signal -to-noise 
ratio due to the uplink noise and intersymbo I. interference. Here this Irreducible 
error probability can be evaluated from the expression 
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Figure I'J. Tin* Response of n Three-Pole Ruttorworth Filter Lo a 2T-see Half 
Sinusoid input Poise for Various Values of 2BT 
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y m' + (p(i*) * <f/Y‘ 


(111. 4. 92) 


Unfortunately, (ill. 4. 91) cannot bo obtained !n elosod form in tlu> same manner 
that (111.4.7b) became (111. 4. 77). 


4 . 1 . 1 . 2 V 1 1 orb i Rooe Ivyr (Max Imum-b ,1 kol lliood Sotpionce EtoiiMtor) 

Next let us examine the performance of the mismatched receiver that: 
lakes samples v,, computes metrics m(v ;s ,u ) and applies the Viterhi algorithm 
to the collection of these metrics. Here we assume that the receiver Is the 
maximum- 1 l kol ihood receiver tor tin 1 1 inear intersvjnhol Jut erf^ntce channel with 
additive white Gaussian noise. The resulting Viterhi algorithm is tints mismatched 
only in that It Ignores uplink noise and the satellite nonlinear it les , As al- 
ready noted many t lines, the key to evaluating the performance of receivers of tills 
type is tin' evaluation of the pair-wise error probability oi (lll.l.H) where now 

1) ((s . 1 1 ),(s ,u )! is given hv (ill. 4. 17) which In turn requires evaluation of 
\ n n n n 


\(r. ,x -x 1 
‘ n n it 


with the expectation being performed over the uplink noise components. The 

vectors v and x are defined in (111.4. Id) and their components in (111.4.31). 
n n 

To ernphas t re the dependenee oi these components on tile uplink noise samples 


n ^ n (t* f nT) 

111 ' uc 

n A n (t* 1 nT) (IM.4.93) 

ns us 

> 

which are i.i.d. /eio mean Gaussian random variables with variance and the 

•iit'ital state s and data svmhol u , we rewrite them as 
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* f (R(t*+nT)) sin [ g ( R ( r *+nT ) ) - g + n(t*+nl')] (III. 4. 94a) 


x “x (t*+nT;s ,u ) 
nc. c n n 


\ ( V u n> 


X = x (c*+nT;s ,u ) 
ns s n n 


= X (s ,u ) 
s n n 


(III. 4. 94b) 


Finally, then using a Gauss-Hermit e quadrature formula to approximate the expec- 
tation of the uplink noise components in (III. 4. 91), U^( (s^.u^) , (s^.u^)) given by 
(I II. 4. 17) assumes the general form 
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(lit .4.94) 




Amu * * 



where analogous to (1X1.4.21), {N^} are the mass points and (w^J are the 


corresponding weights. 

The performance of the maximum- likelihood Vlterbl receiver that is mis- 
matched In the sense that it assumes a metric that is only optimum for the linear 
Intersymbol Interference channel with additive white Gaussian noise, can be 

evaluated once 1), ((s , u ) , (s ,u )) Is known for all pairs of states (s ,s ) and 
\ n n n’ n n n 

pairs of data symbols (u^u^). The effects of the nonlinear satellite channel 
appear In the satellite output samples z^ and z^. In addition, to Intersymbol 
interference, this same formulation can be applied to all modulations where the 
signal during any T-second time interval is characterized by a state and a data 
symbol. Here the sample correlation receiver previously discussed may also be 
mismatched for the linear channel but the overall analysis described in Appendix 
A of Part IV would still apply. 

We now return to our example of BPSK modulation (M=2) and a 3-pole Butter- 

worth transmit filter whose equivalent low-pass version has the impulse response 

given in (III. 4. 48). The receiver is the mismatched maximum-likelihood receiver 

for the linear channel that is realized by a Viterbi algorithm. Although this 

analysis applies to any AM/ AM and AM/PM functions for the satellite channel 

model, we shall again assume the hard-limiter satellite channel model [see 

(III. 2. 14)]. In this case x and x as given by (III. 4. 45) become 

nc ns ° 3 


WV ' A “n |i<t * > + A S Vl>’i (t * ) 


x (s ,u ) 13 0 
s n n 


(III. 4. 96) 


where u n is again the * 1 equivalent of u as defined in (III. 4. 53), and the state 
s^ is characterized by the previous v u^'s. Thus, in this case D ^ ( (s^ ,u n ) , ( s r , u^) ) 
simplifies to 
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where 
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(III. 4. 98) 


Alternately, in terms of the normalized Chernoff parameter X = A Ja 2 N „/2T 

0 Od 

and the uplink and downlink a ignal-tn-nolae ratio of (III. 4. 55) and (III. 4. 59), 
we have* 
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n n / it 
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(ITT. 4. 99) 


where the primes on N ( ,N. and w Jt w refer to the normalizations of (111.4.22), 
i.e., those values tabulated in Appendix B of [43]. 

*for simplicity of notation, we herein omit: the superscripts on the uj’s with 
the tinder standi uk that we are talking about '1 random variables. 
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For purposes ol mimerieal evuluut Ion, we shall assume a value of BT that 
results In v - L, l.e,, only it h ingle in ter symbol interference sample, Then, 
def ining the paired state //^ « ) and using the. transfer function hound 

approach as described in Appendix A of Part IV, we arrive at the transfer function 
state diagram of Figure. 16a or its reduced version us in Figure 16b whereupon 
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(III .4.101) 


In (111.4.101), 


J) > K-rV^^'VV) B l) \ (// 'k-r // 'k ) (ii i .4,102) 


is obtained hv evaluating (Ilf. 4. 'Oil with the appropriate values of u ^ ,tt ,u 
and u () . Final I v, the bit error hound is given hv 
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Figure 16a. Transfer Function State Diagram 


c+d 



Figure 16h. Reduced Transfer Function State Diagram 
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where from (XII. A. 100) 


(a 0 +b 0 ) (f+h) 

[ 1 “^ C 0 Td 0 )j (III .A .104) 

Figure 17 is a plot of the upper bound of (I'll. A. 104) versus downlink s _ '.g- 
nal-to-no ise ratio with uplink signal-to-nolse ratio p as a parameter. The 

value BT=1 was chosen so as to satisfy the requirement of a single interfering 
sample. Comparing these results with those of Figure 11 for the memoryless re- 
ceiver, we observe that the upper bound as computed from (III. A. 104) is extremely 
loose. This is an unfortunate consequence of the Chernoff hound approach when 
the uplink signal-to-noise ratio is not very large. The- transfer function 
bound can be tightened somewhat using an approach in [3A; Appendix C] . Un- 
fortunately, even this modification is not sufficiently tight when uplink noise 
is present and intersymbol, interference is small. The conclusion to be reached 
is that the transfer function bound approach Is useful for calculating the per- 
formance of mismatched receivers of the MI.SK type only in the "absence" of uplink 
noise when the intersymbol Interference is small, or in the presence of uplink 
noise and intersymbol interference when the latter Is the dominant degrading 
effect. 

dhen the transmitted signal is a staggered quadrature modulation of the 
form in (III. A. 78), then one can envision two possible structures for the mis- 
matched Vlterbi receiver. In one case, separate and identical Vlterbi demodu- 
lators are used to process t lie output samples el eaeh ol the two quadrature chan- 
nels. In the more general ease, a single mismatched receiver (analogous to Fig- 
ure 9) forms its metric from the eomhlnat ion ot the two staggered sample sets, 

thus treating each data pair (a , b ) as the svmbol u to be detected. Assuming, 

1 n n n 

as for the BPSK example, a i-pole But t erwort h transmit filter and hard limited 
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Upper Bounds on the Bit Krror Probability Performance of 
the Maxi mum -Like It hood Sequence Estimation Receiver for 
BPSK Transmitted over a Hard-I.imited Intersymbol Inter- 
ference Channel; BT - 1. 
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Horo the slut o s corresponds to la 1-1 , 2 .... v} and doos not Include tho lb } 
n n™ I n 

sequence. Suppose that f.lie value of BT in chosen nuo.li that only one Intorsymbol 
interference and two cross- .Interference terms ate. significant. Then , the. first 
term of the square root in ( I I I . 4 . ! 0 !>) ran bo written in the form 





1 >, 0 *) 


' \- 2 |, 1 (, * )l 






> h 


n—1 



(ill . 4 . 10 ?) 


*We assume hen- that it,, eo t respond:, to a,, with the dataih I producing only cross- 
channel int ert crem e. Because ot t ho symmetry o( the problem, an Idetit leal re- 
sult is obtained tor t lie quadrature ehunnel It the a„*s are replaced hy b n ’s and 
vice versa. 


77 


, . * wnJMaEBBffi'fiW SlstSKi:'! " 
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quadra turn avc.raglng over b^ | N j * la Identical l‘> liauns-qnadi at lire nverap, lug 
ovi'l Nj', we get 
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<111.4.1 OH) 


Thus*, to compute t ho bit error probability performance of the staggered quad- 
rature system, the transfer function bound of (ill . 4 . 1 0‘^) tone-tiler with 
(111.4.1,04) Is still appropriate . Here, however, we evaluate each term hi 
(111.4.101) using (111.4.10*)) averaged over the two possible values (* I) 

of i> . Klim re IB Illustrates the results for an SQOKC modulation with HT ” 1. 
n 

Again eoiHpur I son of these results with those for the memory 1 ess receiver (see 
Figure 14) unfortunately reveals the looseness of the. bound. 

To conclude this section, we point out that, the notion of mismatched re- 
ceiver can be generalised to include cases where, the receiver has memory hut 
less than that of the. channel. For example, suppose that we consider the same 
In ter symbol Interference. Bl'SK modulation examined above but now the Viterbl 
algorithm's complexity is reduced by assuming Intersymbol Interference memory 
v < v where v is the actual memory In data symbols due to the 1-pole Butt erwort h 
filter. An analysis of this case Is given In [!)*)] with numerical results 
illustrated for a range of BT values and mi smutches v 4 v. 

4 . 1 . 1 . 1 Approximate, Opt imum Maxi mum-hike 1 fhood Per elvers 

In the previous sect ion, we assumed a mismatched maximum- 1 ike 1 1 hood 
receiver that did not account tor the non I Inoar It y of the satellite channel. We 
now consider the Ideal maximum-! Ike H hood receiver which is matched to the 
channel and then consider an approximate form of It using the (lauss-llorm 1 1 e 
quadrature formula . 

Assuming the same notation as In the previous section, the conditional 
probability of y given state s^, data symbol ii^» and the uplink noise com- 
ponents n and h , has the form 
1 ne ns 


78 


m m tHkMd 






ORIGINAL r/; - «J 

OF POOF; OVI VVH Y 




ORIGINAL PAGE IS 
OF POOR QUALITY 


p(y h ,n ;u ,n ) = ,, ,; M 
v n 1 n n nr. i»k /11N ,/i 

Od 


I'XJ) 


2 2 

V 1 + 1 

2K 0d /T 


(in. 4. 109) 

This follows Immediately from the fact that if s , u , n , and n are all given, 

then z ■ z (s ,u ;h ,h ) and z « z (s ,u ;h ,n ) are known and 
nc c n n nc ns ns s n n no’ ns 
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(III. 4. 110) 


Next If we. assume that only s and u are given, then the conditional 

n n 

probability of ^ I s obtained by averaging (ill. 4. 109) over the independent 

uplink Gaussian noise components n and n , i.e., 

1 r nc ns 
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(111.4.111) 


For a sequence of data symbols u, the conditional probability of ^ 

is given by 

N 

p(y. r i2 " 11 PteJvV (III. 4. 112) 

k" 1 


and thus by taking the natural logarithm we obtain 

N 

In P<X.]»y.2 X N I '-*> (III. 4, 111) 
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in t!u> optimum max I mum- 1 Ike I I hood moult* . 

Wo next approx I mat o flu*, maximum-likelihood metric by approximating the 
expectation In (II 1.4. I II) with the (lauss-Uerml to quadrature formula 
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lho accuracy ol t his upproximut Ion depends on the paramet er L. (The choice of I,®!, 
coincides with the opt imum maxi mum- likelihood metric assuming no uplink noise). 

The approximate maximum-likelihood metric Is thus 
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For this metric, the parameter 1)^ is given by (ill. 1.9) where the expectation 
Is ove i tlie up] ink and down I ink noise components in the vector 
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Numerical illustrations of the application of (111.4.120) to computing 
average bit error probability performance using the transfer function bound 
approach are discussed in detail in 140]. for example, a digital satellite link 
using BPSK signaling and an on-board TOT ampJ 'Her with AM/ AM and AM/PM char- 
acteristics illustrated in Figure 19 was considered. The linear part oi the 
channel was assumed to have an Impulse response with Intersymbol interference 
of memory one and a ratio of interfering sample to pulse peak equal to 0.5. The 
TWT is assumed to operate at saturation in the absence of noise and in ter symbol, 
interference. Figure 20 illustrates the behavior of the ML receiver by plotting 
the pairs of uplink and downlink signal- to -noise ratio values that allow a bit 
error probability of 10~ 4 . The two continuous curves represent the approximate 
ML receiver as discussed above, with T.-3 and I.-7. For the sake of comparison, 
the performance for the linear case, in which the uplink and downlink noises 
sLmply sum up without the enhancement effect due to the nonlinear device, is 
illustrated in same figure by the dashed line curve. Also shown is a dotted line 


*¥otV^Ht“thrnumbVr X of approximating terms used in arriving at the approximate 
metric of (1TI.4.U6) is not constrained to be equal to the numbe. N t P 
proximating terms used In performing the four averages In (111.4.1 20) . I/pi . a y 


a value of 1. less than is adequate. 
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curve will i'll corresponds to the ro.ee.lver lining a MI, strategy but designed wit hout 
taking into aecnnnt I ho presence of upl ink noise. 

Tho two rout Inuouii curves show that tho rough approximat ion wit h L=3, which 
loadn ti> a very simple ree.e Ivor, is close to optimum si nor it :1s very close to 
the L-7 curve. Moreover, It :is seen that even the. simple approximate Mb receiver 
allows a saving of more than 1 dd, in some situations, with respect to the 


convent tonal out'. 
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